ABSTRACT
INTRODUCTION
Scavenger receptors (SRs) comprise a protein family defined by gross structural similarities and participation in cellular internalization of foreign compounds. In contrast to the extreme specificity exhibited by most receptor-ligand systems, individual scavenger receptors have high affinity for a broad array of polyanionic ligands such as bacteria, apoptotic cell debris, and modified lipopolyprotein (reviewed in KRIEGER et al. 1993) . Drosophila melanogaster SR-CI, the one functionally characterized class C scavenger receptor (SR-C), shares with mammalian class A scavenger receptors (mSR-A) the ability to bind compounds such as acetylated low density lipopolyprotein, intact
Gram-negative and Gram-positive bacteria, and bacterial molecular components (ABRAMS et al. 1992; KRIEGER and HERZ 1994; PEARSON et al. 1995; KRIEGER 1997; GOUGH and GORDON 2000) . SR-CI and SR-As require interaction with other, unknown, proteins at the membrane surface to internalize bound targets (RÄMET et al. 2001; UNDERHILL and OZINSKY 2002; MEISTER 2004) . SR-A mutant mice are susceptible to bacterial infection (PEISER et al. 2002) and SR-CI deficient D. melanogaster cells fail to phagocytose bacteria at wild-type levels (RÄMET et al. 2001) . Naturally occurring polymorphism in D. melanogaster SR-Cs has been associated with phenotypic variation in the ability to suppress bacterial infection (LAZZARO et al. 2004) . Due to the potential importance of SR-Cs in pathogen recognition and host defense, understanding the evolutionary pressures experienced by these genes is of interest.
Three "predicted" gene homologs of SR-CI (CG4099) can be recovered from the
Drosophila melanogaster complete genome sequence (SR-CII: CG8856; SR-CIII:
CG31962; SR-CIV: CG3212). Because SR-CI has been most thoroughly functionally characterized of the four, it will be considered the prototypical SR-C throughout this manuscript. Domain structures of the gene products from all four SR-Cs are presented in Figure 1 . The N-terminus of the mature SR-CI protein is extracellular, and is defined by two tandem complement-control protein (CCP) domains and one MAM domain. The CCP and MAM domains are sufficient for binding of bacteria (RÄMET et al. 2001) . A short spacer separates the MAM domain from a somatomedin B domain with unknown function and a long threonine-rich domain that extends the extracellular portion of the protein away from the membrane surface. The C-terminus of SR-CI is cytoplasmic, and may be heavily phosphorylated (PEARSON et al. 1995) . SR-CII is identical in domain structure to SR-CI, but SR-CIII and SR-CIV are putatively extracellularly secreted and lack Thr-rich, transmembrane and cytoplasmic domains. SR-CIII additionally lacks the somatomedin B domain (Figure 1 ). The precise functions of SR-Cs II, III and IV have not been elucidated, but given their homology to SR-CI and apparent contribution to antibacterial immunocompetence (LAZZARO et al. 2004) , I consider that these proteins, like SR-CI, may be involved in the recognition of pathogens or pathogen derived molecules.
Patterns of molecular variation have been used to infer evolutionary forces acting on many classes of proteins involved in the recognition of pathogens and foreign compounds. These data do not, however, paint a uniformly consistent picture. The archetypal recognition structure has been the vertebrate major histocompatibility complex (MHC), involved in the presentation of antigens to the immune system. In particular, the antigen-binding cleft of the MHC is extremely polymorphic. This variability expands the range of efficiency of antigen presentation by the MHC and is maintained by overdominant, diversifying natural selection NEI 1988, 1999) . Insects lack antibody mediated immune responses, however, and are not known to have MHCequivalent molecules. The best characterized recognition proteins in invertebrates are pattern recognition receptors (PRRs) such as peptidoglycan recognition proteins (PGRPs) and Gram-negative binding proteins (GNBPs) . PRRs (also present in vertebrates) recognize microbial molecules such as peptidoglycan and β-glucan using functional domains that are highly conserved across distantly related species (e.g., DZIARSKI 2004).
PRR genes harbor very little intraspecific polymorphism (JIGGINS et al. 2003; LITTLE et al. 2004; B.P. LAZZARO and A.G. CLARK, unpublished) . The prevailing hypothesis is that the molecules bound by PRRs cannot tolerate extensive structural alteration, preventing microbes from evolving evasion and placing little pressure for adaptation on host PRRs. The PRR-based recognition system is aided by the fact that the target epitopes are unambiguously microbial, obviating the need for the host to make fine distinctions between self and non-self.
The expectation with respect to SR-C diversity levels is unclear. On one hand, SR-C diversity may be unnecessary if, like GNBPs and PGRPs, SR-Cs are responsive to conserved, easy-to-recognize epitopes such that potential pathogens cannot evolve evasion. Preliminary surveys, however, have suggested that patterns of SR-C molecular diversity in wild North American populations of D. melanogaster (B.P. LAZZARO and A.G. CLARK, unpublished) and D. simulans (SCHLENKE and BEGUN 2003) 
MATERIALS and METHODS

Origin of the Drosophila lines studied:
Alleles were sampled from African and North American D. melanogaster and D.
simulans populations. The North American D. melanogaster (n = 12) are chromosome 2 extracted lines derived from flies collected in Pennsylvania, USA, in 1998. These lines have previously been used to survey variation in genes encoding secreted antibacterial peptides CLARK 2001, 2003) . African D. melanogaster (n = 10) were collected in 1992 from the Sangwa wildlife refuge in Zimbabwe and have since been maintained as isofemale lines (BEGUN and AQUADRO 1993) . These lines were provided by C.F. AQUADRO. North American D. simulans (n = 8) were collected in northern California in 1995, and have previously been used to survey variation at a large number of immunity-related and immunity-independent loci (BEGUN and WHITLEY 2000a; SCHLENKE and BEGUN 2003) . African D. simulans (n = 9) were collected in Harare, Zimbabwe in 1994 by associates of C.F. AQUADRO and have since been maintained as isofemale lines (C.F. AQUADRO, pers. comm.) . The Drosophila yakuba strain sequenced was obtained from the Drosophila Species Stock Center in Tuscon, AZ. 
Generation and Analysis of
Data Analysis:
Unless otherwise noted, molecular population genetic test statistics were calculated using DnaSP 3.51 and DnaSP 4.00 (ROZAS and ROZAS 1999; ROZAS et al. 2003 
RESULTS
Polymorphism and Divergence:
Nonsynonymous divergence is substantially elevated in SR- Cs I, III and IV between D. melanogaster and D. simulans, and between D. melanogaster or D. simulans and D. yakuba. Synonymous nucleotide divergence is normal or slightly elevated across all species pairs in all genes ( Table 1) .
The CCP and MAM domains of SR-CI have previously been shown to be sufficient for binding of bacteria (RÄMET et al. 2001) . Nonsynonymous divergence in the sequence encoding these domains is approximately 4 times (CCP) and twice (MAM) the average level among the genomes of these three Drosophila species (Table 1 ; TAKANO 1998).
The gene regions encoding the transmembrane domain and cytoplasmic tail of SR-CI shows 2-3 fold excess nonsynonymous divergence. The Thr-rich domain, which is likely to be more mutable due to the repetitive nature of the sequence and less constrained by precise primary sequence than by tertiary structure, is encoded by sequence 3-7 times more divergent at replacement positions than the genome averages. Most strikingly, the sequence of the functionally uncharacterized Somatomedin B domain, which is perfectly conserved in length, has a nonsynonymous replacement rate equivalent to typical 
SR-CIII, which consists only of the CCP and MAM domains, displays a rate of nonsynonymous divergence similar to that of the homologous regions of SR-CI. SR-IV,
which has CCP, MAM and Somatomedin B domains, also has an overall divergence rate similar to that of SR-CI, although fewer of the substitutions are in the Somatomedin B sequence and more are in the MAM (Table 1) .
SR-CII is far less divergent between species than are the other SR-Cs and is generally in line with, although on the high end of, divergences observed in independent genes across these three species (Table 1; (Table 1) .
Paralleling the interspecific divergence data, intraspecific nonsynonymous polymorphism is also elevated in the SR-C genes (Table 2) . Replacement substitutions typically constitute 20-30% of the total number of polymorphic sites in D. melanogaster (MORIYAMA and POWELL 1996; ANDOLFATTO 2001; FAY et al. 2002; MOUSSET and DEROME 2004 ) and 8-15% of polymorphic sites in D. simulans (MORIYAMA and POWELL 1996; BEGUN and WHITLEY 2000a; ANDOLFATTO 2001; MOUSSET and DEROME 2004) .
The proportion of polymorphic sites in SR-Cs predicted to change amino acid sequence ranges from 37% (SR-CII) to 63% (SR-CIV) in D. melanogaster and 20% (SR-CII) to 53% (SR-CIV) in D. simulans (Table 3) . The probability that a certain proportion of polymorphic sites are nonsynonymous can be treated as a binomial sampling process with Prob(success) equal to the mean proportion of polymorphisms that are nonsynonymous genomewide. Using this test, the excess of nonsynonymous relative to synonymous polymorphisms between individual SR-Cs and the relevant genome average is highly significant at SR-Cs I, III, and IV (P < 10 -4 ), but not at SR-CII (P = 0.06 in D.
melanogaster; P = 0.04 in D. simulans).
The observed increases in both nonsynonymous polymorphism and divergence could conceivably result from either positive selection acting to diversify Drosophila SR-Cs or from a relaxation of purifying selection on these genes relative to genome norms. An elevated mutation rate cannot explain the patterns observed in these genes because silent divergence (Table 1 ) and polymorphism ( (Table 3) No significant MK tests are observed on the D. melanogaster lineage due to the much higher proportional level of nonsynonymous polymorphism in that species (Table 3) (Table 4) . There is thus no indication from the site frequency data that these genes have experienced recent directional selection.
There are two cases where D is significantly positive (Table 4) 
SR-CI and SR-CIII:
SR-CI shows rapid nonsynonymous divergence in the gene regions encoding the CCP, MAM, Somatomedin B and transmembrane/cytoplasmic domains (Table 1) (BUSTAMANTE et al. 2002) .
If the elevated nonsynonymous divergence observed in these genes were driven by pathogen diversity, intuition would suggest that substitutions would be concentrated in regions of the protein involved in binding. Contrary to that intuition, high amino acid divergence is also suggested in the SR-CI Somatomedin B and transmembrane domains, neither of which are known to have direct interactions with bacteria. Interestingly, a similar substitution pattern is observed in mouse SR-A, where a small number of strainspecific nucleotide differences results in a high proportion of amino acid polymorphisms localized in regions of the protein flanking the interior and exterior of the membrane surface (FORTIN et al. 2000; DAUGHERTY 2000) . Although SR-CI and SR-A share ligand affinity and may have similar three-dimensional structures, they are unrelated in primary amino acid sequence and their functional similarities have arisen through evolutionary convergence. Amino-carboxy orientation is reversed in SR-A relative to SR-CI and the domain structure is completely distinct (PEISER et al. 2002) . Given that SR-As and SRCs are structural analogs, not homologs, the convergence in substitution patterns may indicate similarity in evolutionary pressures experienced by those genes.
Why might the highest rates of substitution in both SR-CI and SR-A be observed in regions of the protein presumably involved not in pathogen binding but in protein-protein interactions? It is well known that pathogenic bacteria can actively inhibit host immune responses through a variety of mechanisms (e.g., LINDMARK et al. 2001; FAUVARQUE et al. 2002) . One could speculate that pathogens might also seek to evade engulfment by disrupting interactions between scavenger receptors and other proteins required for phagocytotic internalization. Then SR domains outside those responsible for direct bacterial binding may experience pressure driving evolutionary diversification. BEGUN and WHITLEY (2000b) put forward a similar hypothesis to explain the rapid evolution of the immune-related transcription factor Relish. The sequence encoding the Relish domain that is cleaved to activate the transcription factor shows extraordinarily high levels of nonsynonymous substitution, which BEGUN and WHITLEY (2000b) proposed is driven by the secretion into host cells of pathogen repressor molecules designed to prevent Relish activation. This hypothesis was later bolstered by the observation that Dredd, a caspase involved in the activation of Relish, shows correlated rapid evolution (SCHLENKE and BEGUN 2003) .
SR-CII:
In 
SR-CI, SR-CIII or SR-CIV (unpublished observations).
SR-CIV:
The data from SR-CIV are perplexing. intron presence-absence polymorphism has been described from any eukaryote, in the jingwei gene of Drosophila teissieri (LLOPART et al. 2002) . As in jingwei, the SR-CIV polymorphism derives from an imprecise genomic deletion that eliminates the intron but retains reading frame. ROZAS et al. 2001; QUESADA et al. 2003) . 
Linkage disequilibrium in North American
Conclusions.
